The structure of the hydrolyzed product (F-2) with a molecular mass of about 2 kDa released from -polyglutamic acid by the -glutamyl hydrolase YwtD of Bacillus subtilis was analyzed. The results showed that F-2 is an optically heterogeneous polymer consisting of D-and L-glutamic acid in an 80:20 ratio with D-glutamic acid on both the N-and C-terminal sides, suggesting that YwtD is an enzyme that cleaves the -glutamyl bond between D-and D-glutamic acid recognizing adjacent L-glutamic acid toward the N-terminal region.
The structure of the hydrolyzed product (F-2) with a molecular mass of about 2 kDa released from -polyglutamic acid by the -glutamyl hydrolase YwtD of Bacillus subtilis was analyzed. The results showed that F-2 is an optically heterogeneous polymer consisting of D-and L-glutamic acid in an 80:20 ratio with D-glutamic acid on both the N-and C-terminal sides, suggesting that YwtD is an enzyme that cleaves the -glutamyl bond between D-and D-glutamic acid recognizing adjacent L-glutamic acid toward the N-terminal region.
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Bacillus subtilis; -glutamyltransferase; YwtD -Polyglutamic acid (PGA), a polymer that consists of D-and L-glutamic acid polymerized throughglutamyl bonds, is produced by some Bacillus strains as a capsular or an extracellular viscous material. [1] [2] [3] The genes for PGA synthesis complex have been cloned as a PGA operon (ywsC and ywtABC, or capBCA) from B. anthracis 4) and B. subtilis, 5) in which ywsC (capB) was found to code for PGA synthetase, a crucial enzyme in PGA production. 6) Previously we reported that the ywtD gene, located immediately downstream of the PGA operon, codes for a -glutamyl hydrolase that degrades PGA into two hydrolyzed products, a highmolecular-mass product (F-1, with nearly 100% Lglutamic acid) and a low-molecular-mass product (F-2, with heterogeneity of D-and L-glutamic acid). 7) Structural elucidation of the F-2 product, however, remains incomplete. 8) In this study, we analyzed the structure of the hydrolyzed product in order to clarify the cleavage site of the enzyme.
First we tried to elucidate the cleavage sites on PGA of PGA-degrading enzymes such as -glutamyltransferase (GGT) 9, 10) and -glutamyl hydrolase (GGH) 11, 12) using chemically synthesized -oligo PGAs in order to determine the F-2 structure. The -oligo PGAs used were tetra--L-Glu (L4), tetra--D-Glu (D4), tetra--LGlu-tetra--D-Glu (L4D4), and tetra--D-Glu-tetra--LGlu (D4L4), which are products of Multiple Peptide Systems (San Diego, CA). Bacillus GGT purified from B. subtilis NBRC16449 13) acted on L4D4 and D4L4, hydrolyzing -glutamyl bonds between L-and L-glutamic acid and between D-and D-glutamic acid from the N-terminal region in an exo-type manner. But bovine GGT (Sigma Chemical Co., St. Louis, MO) was active toward L4 but not D4, and HPLC analysis of the products from L4D4 and D4L4 indicated that it is also able to hydrolyze between L-and D-glutamic acid but not between D-and L-glutamic acid on the PGAs. On the other hand, rat GGH, a -glutamyl hydrolase that hydrolyzes between L-and L-glutamic acid of folylpoly--L-glutamate in an endo-type manner, hydrolyzed L4 into L2, and then hydrolyzed L2 into L-glutamic acid, but it was not at all active toward D4. HPLC analysis of products from L4D4 and D4L4 by rat GGH revealed that it has an ability to hydrolyze between Dand L-glutamic acid but not between L-and D-glutamic acid on the PGAs. The recombinant rat GGH was purified by the method of Chave et al. 14) We also investigated whether YwtD is able to hydrolyze chemically synthesized -oligo PGAs, but it did not hydrolyze L4D4 and D4L4 or L4 and D4, indicating that YwtD is an enzyme recognizing and hydrolyzing -glutamyl peptides larger than -glutamyl octamer.
Next, we carried out analysis of the structure of F-2 using these PGA-degrading enzymes. F-2 was isolated from PGA by YwtD according to a previously described method. 7) Previously we reported that the estimated molecular mass of F-2 is about 11 kDa, 7) but its y To whom correspondence should be addressed. Tel: +81-54-238-4878; Fax: +81-54-237-3028; E-mail: acytaha1@agr.shizuoka.ac.jp
Note molecular mass has been corrected to about 2.0 kDa by gel filtration HPLC calibrated with accurate standards of low-molecular-mass PGAs (Fig. 1 ). F-2 was composed of D-glutamic acid and L-glutamic acid in a ratio of 80:20 (Table 1) . Bovine GGT and carboxypeptidase G (-L-glutamyl hydrolase, Sigma) 15) did not hydrolyze F-2, indicating that the C-and N-terminal regions of F-2 consist of D-glutamic acid. On the other hand, eight or nine mmoles of free D-glutamic acid were released consecutively from one mmole of F-2 by Bacillus GGT, which means that at least eight glutamic acids on the Nterminal side consist of D-glutamic acid in succession. Rat GGH degraded F-2 into the F-3 fraction and oligomers. The F-3 fraction was separated from oligomers by Sephcryl S-300HR gel filtration, and was found to consist solely of D-glutamic acid. A monomer, dimer, and trimer of glutamic acid were detected by reverse HPLC analysis from the hydrolysate, and the ratio was about 2:1:1 (Fig. 2) . From the results above, we estimate that F-2 is -glutamyl peptides with a molecular mass of about 2.0 kDa that consist of a D-glutamic acid-rich region in the N-terminus and two or three consecutive L-glutamic acids near the C-terminus, and that both terminal sides are D-glutamic acid. The results also suggest that PGA hydrolase is a unique enzyme that cleaves the -glutamyl bond between D-and D-glutamic acid, recognizing adjacent L-glutamic acid toward the N-terminal region of PGA. On the other hand, if F-1 and F-2 are combined through a -glutamyl bond, YwtD is not able to cleave between the two fractions because both terminal sides of F-1 consist of L-glutamic acid (Table 1) . Accordingly, it is conceivable that F-1 and F-2 occur separately. The molecular mass of F-2 was estimated by gel filtration HPLC using a SB804HQ column (250 Â 4 mm, Shodex, Tokyo, Japan) with absorbance at 220 nm. Samples were eluted with 0.1 M TrisHCl buffer (pH 8.4) at a flow rate of 0.5 ml/min at 40 C. The void volume was 5.5 ml which corresponds to 11 min of retention time with pullulan (1,600 kDa). Peaks were assigned by coelution with low-molecular-mass PGAs, the molecular masses of which were determined to be 26.0 kDa (a), 8.0 kDa (b), 4.8 kDa (c), 3.6 kDa (d), and 1.0 kDa (e). The apparent molecular masses of the hydrolyzed products were measured by gel filtration HPLC, as described in a previous paper 7) and in the legend to F-2 (0.5 mg) was incubated with purified rat GGH (50 mg protein) at 37
C for 4 h in 1.0 ml of 50 mM phosphate buffer (pH 5.8) solution. The reaction was stopped by boiling, and aliquots (30 ml of each) were analyzed by HPLC using a 320HQ column (250 Â 4 mm, Shodex). Samples were eluted with a linear gradient of 0.05-0.3 M NaCl in 0.1 M Tris-HCl buffer (pH 8.4) at a flow rate of 0.5 ml/min, and were monitored by absorbance at 220 nm. Peaks were assigned by coelution with authentic L-glutamic acid, L2, L3, and L4, and the amounts were estimated by computerized integration of the peak areas. Symbols: , monomer; , dimer; , trimer.
